Fluorescence quenching of pyranine by tryptophan, phenylalanine, and nicotinic acid was investigated by using steady state and time resolved fluorescence spectroscopy. On a comparative basis, nicotinic acid is a very strong quencher of pyranine fluorescence, tryptophan is a moderate quencher and phenylalanine is a weak quencher. The strong quenching is the result of the hydrogen bonding complex between pyranine and amine which existed in both tryptophan and nicotinic acid. Contact complex will form between phenylalanine and pyranine which is the reason of quenching of pyranine by phenylalanine. Associates will form in tryptophan and phenylalanine due to the zwitterion + H 3 NRCOO − or/and hydrogen bond. Higher concentrations favor the formation of aggregates in the supersaturated solution which made the quenching curve different from unsaturated solution dramatically.
Introduction
The majority of chemical or biological reactions occur in solution. It is clear that the properties of solute molecule will be modified by solvents. Understanding the interaction is essential for the intrinsic properties of solutes to be understood better [1] . These interactions have profound influence on crystallization from solution.
Supersaturation is an essential requirement for all crystallization operations. The formation of nuclei is the beginning point of the crystallization. The nucleation of solute must somehow depend upon the solute molecules in a supersaturated solution and also depend upon the various molecular interactions, such as solute-solute and solute-solvent interactions. Understanding the structure of solution, especially the structure of supersaturated solutions, can help in the better design and control of crystallization. Several studies have focused on the structure of supersaturated solutions and many techniques were applied for the research, such as NMR, X-ray diffraction and Raman spectroscopy, and some theories about the structure of supersaturated solution had been proposed [2] - [6] . Mullin and Leci suggested that solute clusters formed in a supersaturated solution of citric acid by observing an isothermal column of a supersaturated solution of citric acid which generated a concentration gradient over a period of several days. The concentration gradient developed as a result of the density difference between the clusters and the solution [2] . Cussler observed different rates between cluster diffusion and molecular diffusion in many binary systems, which supported the cluster assumption [3] . Myerson and co-workers observed the decrease in the diffusivities of urea, glycine solutions, which provided evidence for molecular aggregation [4] . Hussman et al. and McMahon et al. also confirmed cluster formation on alkali nitrate solutions by using Raman spectroscopy [5] [6] . Although such research has been conducted for decades, no general accepted theories have emerged.
All the previous work was focused on higher solubility systems whose solubility can be as high as 50 wt%. No information about the organization of lower solubility systems in the supersaturated region has been given. Concentration gradients, the evidence for the formation of solute clusters, will not be noticeable in low solubility systems; therefore, there exists a need to find suitable techniques to study supersaturated solution structure of low solubility systems.
Fluorescence quenching is a very useful method used to study both physical phenomena and biochemical research [7] - [11] . Fluorescence quenching had been shown to be a very valuable tool to measure micelle size as well as the dynamic properties of the aggregate and of the solubilized species in the host structure [7] . Quenching studies can also be used to reveal the localization of fluorophores in proteins and membranes, and their permeability to quenchers. Fluorescence quenching requires the contact of the fluorophore and quenchers, so fluorescence quenching experiments can yield valuable information about fluorophore and quencher interactions and also reveal the accessibility of fluorophores to quenchers.
Time-resolved fluorescence represents a powerful optical spectroscopic technique for monitoring the dynamics of macromolecular interactions in solution [12] - [15] . Time-resolved fluorescence is a useful tool to study the interactions of solute and solvent. A wealth of information about the organization and dynamics of solvent-solute interactions in the microenviornment of a probe molecule can be obtained by studying the relaxation processes on a variety of time scales. Time-resolved techniques are able to directly separate and quantify the relevant fluorescence parameters that contribute to the steady-state emission parameters. The emission lifetime of a probe molecule is highly sensitive to the solvation. The use of time resolved fluorescence methods to investigate the microscopic interactions between the solvent and solute and the crystallization behavior should result in a more directed and rational approach to understand and control crystallization.
In this paper fluorescence quenching techniques in steady state and time resolved decay have been utilized to study the solution of low solubility systems. Pyranine fluorescence quenched by tryptophan, phenylalanine, and nicotinic acid by steady state and time resolved fluorescence were investigated. The quenching mechanism of pyranine fluorescence by different quenchers is studied. The solution organization in tryptophan and phenylalanine solutions and also the organization of supersaturated solution are characterized.
Materials and Methods
Pyranine, also known as FDA D & C Green No. 8, was obtained from Lancaster, Windharn, NH and used as received. Aqueous solutions of pyranine were prepared by dissolution of 0.026 g in 5 ml HPLC grade water. Solutions were prepared by dissolving the appropriate amount of solutes in 5 ml HPLC water. Supersaturated solutions were prepared by heating the solution in a water bath until all the solute was dissolved and subsequent cooling to room temperature. The solutions were used as prepared without any degassing.
Probe molecules were introduced by addition of five microliters of the pyranine solution to 5 ml aqueous tryptophan and phenylalanine solutions resulting in a probe concentration of 10 −5 M and 20 microliters of the pyranine to 5 ml nicotinic acid aqueous solutions resulting in a probe concentration of 4 × 10 −5 M. Fluorescence spectra of the pyranine in the aqueous solutions were collected within two hours of the preparation of the solu-tions. All spectra were collected at room temperature with a Spex 1681 Fluorolog spectrometer equipped with a Xenon lamp source and a PMT detector. A quartz sample holder was used in all cases. Spectra were recorded at 1.00 mm increments and an integration time of 1.0 sec. An excitation wavelength of 342 nm for pyranine was used. The emission spectra were recorded over a range from 350 -600 nm for pyranine. Monochromator slits were set at 0.5 mm for spectra.
Lifetime measurements of pyranine in the aqueous solutions were collected within several hours of the preparation the solutions. The lifetime was measured by using a single photon counting time correlated method with a photomultiplier tube (PMT) as the detector and a YAG laser with LDS 698 dye as excitation light source. The excitation wavelength was 342 nm and emission wavelength was 510 nm. The other conditions are high voltage 3200 v, TAC range 100 ns, power 120 mw/cavity dump.
The absorption spectra were collected using a Perkin-Elmer Lambda Array 3840 UV/Vis Spectrophotometer. The absorption spectra of pyranine in water were collected with HPLC water as the reference and the absorption spectra of pyranine in solution of tryptophan, phenylalanine and nicotinic acid were collected by using the same concentration of tryptophan, phenylalanine and nicotinic acid solutions as references.
Theory
Fluorescence quenching involves a variety of processes, including excited state reactions, excited state proton transfer, excited state electron transfer, energy transfer, complex formation and collision quenching [16] . The quenching from diffusion-controlled encounters, the most common quenching process, is called dynamic quenching.
Dynamic quenching of fluorescence can be described by the Stern-Volmer Law [16] [ ]
I 0 is initial intensity without the quencher, I is emission intensity of single-emission wavelength with the quencher. K sv is the Stern-Volmer quenching constant and Q is the concentration of quencher. If the mechanism of quenching is by dynamic quenching a straight line will result by plotting I 0 /I versus concentration of quenchers and the slope is the Stern-Volmer quenching constant. For some cases where I 0 is smaller than I at low concentration, the modified SV equation shown in Equation (2) can be used. The interpretation of quenching data is based more on the shape of the curve and initial intensity I 0 will not affect the shape of the quenching curves.
Static quenching is a frequent complicating factor in the analysis of dynamic quenching. Static quenching decreases the emission intensity, but has no effect on the lifetime of the unassociated excited fluorophores. In order to distinguish dynamic quenching and static quenching we use the lifetime form of Stern-Volmer Law to describe dynamic quenching
τ 0 is the lifetime of fluorophore without quencher, and τ is the lifetime with quencher. Two plots from Equation (1) and Equation (3) should be indistinguishable if the simple diffusion quenching model holds. The discrepancies between the Stern-Volmer plots can supply useful chemical information, including situations in which the quencher absorbs intensely in the region of excitation and/or emission. Under these conditions, trivial absorption can produce unacceptable distortions of intensity quenching data unless complicated, and frequently unreliable, corrections are applied. Static quenching can be described by a ground state complex or a sphere of action static quenching models. Ground state complex static quenching occurs as a result of the formation of a nonfluorescent ground state complex between the fluorophore and quencher. When this complex absorbs light it immediately returns to the ground state without emission of a photon [16] . Sphere of action static quenching model about static quenching is "active sphere" which is the volume around a quencher molecule. The fluorophore will be quenched without the need for a diffusion-controlled collision interaction if it is in the active interaction volume [17] . In many instances the fluorophore can be quenched both by collisions and also by static quenching. The characteristic feature of the Stern-Volmer plots in such circumstances is an upward curvature, concave towards the y axis. In the ground state complex model the modified form of Stern-Volmer law I [16] can be expressed as 
[Q] should be a straight line. From the slope and intercept we can get two quenching constants.
Birks [17] described the active sphere model using the modified Stern-Volmer law II
K sv is the collision quenching constant, and V is interaction volume or is called the static quenching constant which is related to the probability of finding a quencher molecule close enough to a newly formed excited state.
versus Q by adjusting V should result in a straight line. Downward curvatures of the S-V plot were reported by Lakowicz [16] , Eftink and Ghiron [18] , Kikuchi and Sato [19] and by Pan and Cherry [20] . Negative deviations from Stern-Volmer Law are the results of multiple emitters with different quenching constants or inefficient quenching [16] [18] . Pan and Cherry pointed out that the downward is the characteristic of the particular quenching effect. Also the downward curvatures can be the results of the heterogeneity of the system or selective quenching. Such as different binding sites in large molecule make some fluorophores easier to be quenched than others [21] . The negative deviation from Stern-Volmer law can be described by modified Stern-Volmer Law III [22] .
f is the fraction of the fluorescence accessible to the quenching.
Results and Discussion

The Mechanism of Quenching
The fluorescence spectra of pyranine in tryptophan, nicotinic acid and phenylalanine exhibit no differences in shape and maxima in the presence and absence of solutes when the concentration of solutions are not very high although there is appreciable quenching in the presence of tryptophan and dramatic quenching in the presence of nicotinic acid. No new fluorescence peak is observed at longer wavelengths. From the Stern-Volmer quenching curve of pyranine by tryptophan at 510 nm fitted by Equation (2) shown in Figure 1 , an upward curve for tryptophan appears which indicates the coexistence of dynamic and static quenching of pyranine by tryptophan and a straight line which will only curve very slightly upward shows up for phenylalanine. Much stronger static quenching by tryptophan occurs. The quenching curves of pyranine by nicotinic acid at steady state and time resolved measurements are shown in Figure 2 . At steady state the quenching shows a marked upward curve which is the result of coexistence of static and dynamic quenching. The quenching curve by lifetime measurement is a straight line which is common. Very strong static quenching exists in quenching of pyranine by nicotinic acid by the comparison of static and dynamic quenching curves. The quenching of pyranine by phenylalanine at 510 nm in steady state and time resolved decay fitted by Stern-Volmer law show totally different behavior which is shown in Figure 3 . At steady state phenylalanine shows quenching ability to pyranine but phenylalanine will not quench fluorescence of pyranine dynamically which shows an increasing lifetime of pyranine with the increase concentration of phenylalanine in the lifetime measurement.
The formation of a transient excited state complex or exciplex as an intermediate in the fluorescence quenching process has been proposed by many workers [23] - [32] . Such as exciplex can be emissive which will present broad and structureless emission spectra at longer wavelength [24] . Exciplex is defined as a complex of simple integer stoichiometry formed between an excited molecule and one or more non-excited molecules [25] . The formation of exciplex was the result of intermolecular forces or Van der Waals interaction which have an electromagnetic origin and arise in a variety of ways such as dipole-dipole, polarizability-dipole, polarizability-polarizability and dispersion interactions. Hydrogen bonding interaction is often cited as efficient quenching mechanics by charge transfer or electron transfer via the hydrogen bond or by proton transfer [26] . The orbital overlap interactions play an important role in the correct exciplex geometry and also help to stabilize the exciplex but they cannot become a dominant factor for the formation of exciplex [25] . Pyridine was reported to be a strong fluorescence quencher to many fluorophores such as 1-pyrenol, 2-naphthol, 1-aminopyrene and 13H-and 7H-dibenzocarbazole which was suggested as hydrogen bonding interaction between pyranine and fluorophore in the hydrogen bonded complex [26] .
The structure of tryptophan and phenylalanine are different only in the ring, one is benzene and the other is the indole ring which has a nitrogen heteroatom in five member ring. Nicotinic acid is a six member ring with one nitrogen heteroatom in the ring. Both quenching curves of pyranine by tryptophan and nicotinic acid are rather upward curves which suggest strongly that the ring nitrogen contributed to the static quenching of pyranine. Static quenching occurs either through the formation of ground state complex or by active sphere model. Amines are shown by other authors to be very efficient quenchers of aromatic molecules because they are organic electron donors [27] . Amines are good electron donors and the hydroxyl group in pyranine is a good electron acceptor. So it is reasonable to conclude that the hydrogen bonding complex will form between pyraninetryptophan and pyranine-nicotinic acid which is the reason for the strong static quenching from both nicotinic acid and tryptophan.
At the experimental conditions (pH~7 and low concentration of acid) pyranine (pKa = 7.5) will exist as a protonated species. This protonated species will form a hydrogen bonding complex with tryptophan and nicotinic acid at ground state. When pyranine was excited the proton transfer will take place between pyranine and amine due to the low pKa (0.5) at excited states. This proton transfer process will quench the fluorescence of pyranine. The mechanism of quenching, including both the ground state complex and exciplex, is summarized in scheme shown in Figure 4 . Hydrogen bonding results in more efficient quenching which is the reason of stronger quenching ability of tryptophan and nicotinic acid to pyranine. Fitting nicotinic acid quenching data by using the modified Stern-Volmer law I (Equation (3)) would result in a plot which would still curve a little bit upward which tells us how strong the static quenching of nicotinic acid is to pyranine. The higher quenching ability of nicotinic acid can be also because it does not have a benzene ring beside the amine, so less spatial hinder happened for the formation of complex between pyranine and nicotinic acid compared to tryptophan. So the complex between pyranine and nicotinic acid is more stable than the complex between pyranine and tryptophan. There is no cyclic amine in phenylalanine, so no hydrogen bonding between pyranine and phenylalanine will form. Phenylalanine shows quenching to pyranine at steady state fluorescence but no quenching will occur dynamically. We can interpret this quenching behavior as the formation of contact complex between phenylalanine and pyranine. It is reasonable for us to infer the formation of contact complex between pyranine and phenylalanine because they both have permanent dipoles and they are both aromatic compounds. The similar benzene ring structure makes them easier to be together. We know the solubility of phenylalanine is not very high in water which means phenylalanine does not like water very much. With the addition of pyranine in the solution, phenylalanine will prefer to stay closer to pyranine. This contact complex between phenylalanine and pyranine is very weak due to the weak force between them. This contact complex can explain the quenching of phenylalanine to pyranine. As we know water is pretty good quencher by hydrogen bonding complex. Also due to its smaller size [33] [34] it is easier for water to diffuse to fluorophores to quench fluorescence. If Phenylalanine is not close enough to fluorophore, no way it can compete with water to quench the fluorescence of pyranine. So we can conclude that contact complex between pyranine and phenylalanine form at ground state which makes phenylalanine close enough to pyranine. When pyranine is excited, the larger dipole moment creates stronger interactions between phenylalanine and pyranine which we interpret as the formation of exciplex. With the formation of exciplex, the fluorescence is quenched.
By time resolved study of quenching of phenylalanine to pyranine shows phenylalanine will not quench fluorescence of pyranine dynamically which strongly support our contact complex formation. Due to the larger size of phenylalanine compared to water, it is impossible for it to diffuse to pyranine within the lifetime of fluorescence to quench the fluorescence. So no dynamic quenching will exist at all. The quenching of pyranine by phenylalanine is through the formation of contact complex between phenylalanine and pyranine. The increase of lifetime of pyranine with the increase of the concentration of phenylalanine is because the contact complex between phenylalanine and pyranine will protect pyranine quenched by water. The more phenylalanine in solutions, the more contact complexes will form. So lifetime will increase with the concentration of phenylalanine.
The absorption spectra shown in Figure 5 showed that low wavelength bands 236 nm and 246 nm were missing by introducing tryptophan, nicotinic acid and phenylalanine. Absorption bands at 282 nm and 291 nm were missing in the tryptophan and nicotinic acid. These low wavelengths bands are assigned to some structure between pyranine and water. The missing low wavelength bands are taken as the evidence of stronger interaction of pyranine with solute molecules. With the addition of solutes into solutions, the structure between pyranine and water were destroyed to different degrees due to the different interactions between pyranine and solutes. Stronger interactions will destroy more which will make four peaks disappear such as in tryptophan and nicotinic acid and in phenylalanine only two peaks will disappear which shows a weaker interaction. But the fluorophore-quencher interaction did not change the absorption and fluorescence spectral properties, because the ground-state complex formed between pyranine and tryptophan or nicotinic acid were not sufficiently stable owing to weak interaction and the exciplexes are non emissive species. We do be able to assign ground state complexes because the absorption spectra bands shown in Figure 5 show a small red shift for tryptophan and nicotinic acid, and a larger red shift for nicotinic acid, which tell us the stabilization of the excited state will be improved due to the hydrogen bonding interaction which was proved by other authors too [26] . Stronger interaction between pyranine and nicotinic acid is shown by a larger red shift in the absorption spectra. In summary when a fluorophore is dissolved in water, quenching from water will always compete with the quenching from solutes. Due to the smaller size of water it always easier to diffuse to the fluorophore and also due to the ability of formation of hydrogen bonding complex, water is always a better quencher without some other stronger interaction in the way. Solutes must have stronger interactions with the fluorophore so it can show effective quenching to fluorophores. The quenching of pyranine by solutes are the results of formation of complexes. Contact complex will form first if there is no possibility to form other types of complex. This is the case of phenylalanine quenching pyranine. The amine in the ring which is good electron donor makes the formation of hydrogen complex possible and is the reason for the stronger quenching ability of tryptophan and nicotinic acid to pyranine. So the formation of contact complex is the first step for the quenching in water solution especially for the fluorophore with functional groups that are good electron acceptors such as the hydroxyl group.
Associates in Tryptophan and Phenylalanine Solutions
The Stern-Volmer quenching curve of pyranine by phenylalanine at 382 nm is shown in Figure 6 . The quenching curve deviated downward smoothly with the concentration of phenylalanine. The quenching data were treated by the modified Stern-Volmer Law III (Equation (6)) and a straight line was obtained with intercept 1.37 and slope 1.74 shown in Figure 7 . The intercept is the reciprocal of the fraction of the fluorescence accessible to the quenching. The fraction of the fluorescence accessible to the quenching is 73%. This means in phenylalanine there are only 73% of phenylalanine molecules accessible to pyranine to quench fluorescence of pyranine and 27% of phenylalanine could not access pyranine at all. From the slope the quenching constant is 0.79. From the initial slope of the quenching curve the quenching constants of pyranine by phenylalanine at 382 nm is 0.9. The dynamic quenching of pyranine by tryptophan at 510 nm by lifetime measurement is shown in Figure 8 . The quenching curve deviated downward smoothly with the concentration of tryptophan which is not very common. We know from the previous discussion, tryptophan will quench fluorescence of pyranine by diffusion control dynamic quenching and static quenching by formation of hydrogen bonding complex. The dynamic S-V quenching curve should be a straight line, but here a downward stern-Volmer plot results.
Negative deviations from the Stern-Volmer Law are the results of multiple emitters with different quenching constants, inefficient quenching [16] [18], or many possible quenching mechanisms existing at the same time. Kikuchi and Sato [19] showed that the quenching curve of oxygen as quenchers sometimes would deviate downward from a straight line when the concentration of oxygen was high which was reported as the evidence for exciplex formation.
Negative curvatures of the plots in pyranine-tryptophan and pyranine-phenylalanine systems are likely the result of two or three dimensional structures among tryptophan and phenylalanine molecules. At pH range 4 -8 the predominate species of tryptophan and phenylalanine is a zwitterion + H 3 NRCOO − , so the Coulomb electrostatic interaction between two or more zwitterions can form a chain or three dimensional structure.
Hydrogen bonding may be the other reason for the two or three dimensional structures. Here we call these two for three dimensional structure associates.
Due to the formation of associates among the solute molecules, the effective concentration of quenchers will not be direct proportional to true concentrations. The molecules in the middle of the associates could hardly contact with pyranine no matter by dynamic or by static quenching. Contact is required by fluorescence quenching. Associates make the quenching from some molecules impossible and also quenching by diffusion in tryptophan solutions was inhibited due to the big size of molecules. So the intensity of fluorescence will not decrease with the concentration linearly so the quenching plot curves downward. The formation of associates in tryptophan solutions among tryptophan molecules are supported by the excitation wavelength dependence of tryptophan fluorescence discussed in another paper in detail [35] . The higher quenching ability of nicotinic acid to pyranine compared with tryptophan is because nicotinic acid cannot form chain structures among molecules. When the concentration of nicotinic acid was low all the single molecules were good quenchers. Some which were far from fluorophores could diffuse to pyranine, meet pyranine and quench it. Other molecules could form hydrogen bonding complexes with pyranine and quench pyranine by proton transfer from excited pyranine to nicotinic acid. Both dynamic quenching and static quenching exist at the same time which results in the upward Stern-Volmer plot.
Aggregates in Supersaturation Solutions
Quenching of pyranine by tryptophan at 382 nm is shown in Figure 9 . The Stern-Volmer curve of tryptophanpyranine was a straight line when the concentration of tryptophan was low. As tryptophan concentration increase a maximum is obtained and the quenching curve goes downward.
Using a ground complex model to fit the quenching data, the quenching curve of ( ) Figure 10 . Before the definite concentration the quenching curve was a straight line. When the concentration is high the plots would curve downward.
In order to study the structure of supersaturated solutions, many researches have been conducted trying to find the distinguishing features of supersaturated solutions by investigating the dependence of various physical properties on concentration. The discontinuity of the property versus concentration curves at the equilibrium saturation point has rarely been observed. But in our research the quenching curves show the discontinuity at higher concentration which tells us that unsaturated and supersaturated solution show different quenching behaviors. These different behaviors can be taken as the evidence of different structure of unsaturated solution and supersaturated solution.
As we know at high concentration in high solubility systems, the observation of concentration gradient was taken as the evidence of the formation of aggregates in solution [2] . In our low solubility systems, the concentration gradient will not happen at all. Even it happens it will not be noticeable due to the low concentration. But the much lower quenching ability occurs at very high concentration which implies strongly the formation of aggregates in low solubility systems. The aggregates will have much less ability to quench fluorescence of pyranine due to its relative big size which make it very hard to diffuse to pyranine to quench fluorescence. Some molecules in the middle of aggregates cannot contact with pyranine which is the requirement for the quenching. So quenching plots will curve down and finally go downward. So we can conclude aggregates will form in the low solubility system as in the high solubility system at high concentration. Especially in tryptophan solutions, the zwitterion form will help the formation of aggregates, so the change of the quenching plots is really dramatic. At high concentration the plot will go down with the increase of concentration (Figure 9) . In nicotinic acid the quenching plot will just curve downward at high concentration to indicate the formation of aggregates ( Figure  10) . Fluorescence quenching technique is very easy and simple method. However, the quenching studies can be performed with a great degree of precision and get very important information about the organization of solutes.
Conclusion
Different quenching behaviors of tryptophan, phenylalanine and nicotinic acid to pyranine indicate the differences of the host-probe interaction. The differences come from different structures of tryptophan, phenylalanine and nicotinic acid. Nicotinic acid and tryptophan likely form a hydrogen bonding complex with pyranine for both ground and excited states due to the electron donor of amine. The effective quenching is the result of proton transfer from excited pyranine to amine by hydrogen bond. Contact complexes will form between phenylalanine and pyranine which is the reason for quenching of pyranine by phenylalanine. The two-or three-dimensional structures likely form in tryptophan and phenylalanine solutions due to the zwitterion + H 3 NRCOO − structure or/and hydrogen bonding. The aggregates are proposed in the supersaturated solutions due to the discontinuity in the quenching curves which occurs at high concentrations. 
